As part of a programme directed towards the synthesis of the bicyclic spiroimine ring systems present in the marine toxins, the spirolides and gymnodimine, a study of the Diels-Alder addition of dienes 8, 12, cyclopentadiene and 2,3-dimethyl-1,3-butadiene to α-methylene lactam 7 was undertaken. A systematic study of the use of a variety of Lewis acids to catalyze the Diels-Alder reaction was undertaken. Extension of this work to an asymmetric variant of these Diels-Alder reactions was investigated using the chiral Lewis acids [(S,S)- 
Introduction
Gymnodimine 1 1 is a potent marine biotoxin 2 isolated from New Zealand oysters (Tiostrea chilensis) that exhibits neurotoxic effects in a mouse bioassay and contains an azaspiro [5.5] undecadiene subunit. This 6,6-spirocyclic ring system is also present in the fast acting toxin spiro-procentrimine 3 isolated from a Taiwanese laboratory-cultured Procentrum species. Macrocyclic toxins, spirolides A-D 2-5, 4, 5, 6 isolated from the digestive glands of contaminated mussels (Mytilus edulis), scallops (Placopecten magellanicus) and toxic plankton from the eastern coast of Canada, contain a homologous 7,6-spirocylic imine ring system. This 7,6-spirocyclic imine ring system is also present in the related shellfish toxins, the pinnatoxins 7, 8 and pteriatoxin. 9 The spirolides activate L-type calcium channels and act as muscarinic acetylcholine receptor antagonists, however, the related spirolides E and F 10 in which the spiromine unit was hydrolyzed, were found to be inactive. This observation together with the fact that gymnodamine in which the imine moiety is reduced, also resulted in a significant decrease in toxicity, 11 suggest the importance of this key structural feature on biological activity. The mechanism of action of these imine-containing toxins was initially thought to involve covalent bond formation via nucleophilic addition to the imine, however Romo et al. 12 postulate that these α-quaternary substituted imines may serve as latent nucleophiles as a result of their masked enamine character as evidenced by their ability to completely incorporate deuterium at the exocyclic carbon after prolonged exposure to CD 3 OD. As part of a programme directed towards the synthesis of the spirolides, 13 we focused our attention on the synthesis of the unsubstituted spiromine units using a double alkylation -ring closing metathesis approach.
14 Difficulties adapting this strategy to the synthesis of more substituted systems prompted us to pursue an alternative approach to these heterocyclic frameworks via Diels-Alder addition of an appropriate diene to an α-methylene lactam. At the outset of this study the use of α-methylene lactams as dienophiles was rare, 15 however, during the course of this work several communications on the use of α-methylenelactams as dienophiles to construct spirolactams appeared in the literature. 16 We therefore herein report the full details of our preliminary work in this area and offer some improvements to the synthesis of the α-methylenelactam and diene starting materials. An aza-Wittig strategy is the only successful method that has been used to date to construct the spiroimine moiety in the total synthesis of the complex pinnatoxins. 17, 18 White et al. 19 effected an intramolecular condensation of an amine to a silyl enol ether in their approach to the spiromine unit of gymnodimine after experiencing considerable difficulty in using a Diels-Alder strategy to construct the six membered ring.
Results and Discussion
Treatment of caprolactam with butyl-lithium and benzyl chloroformate afforded CBz-protected caprolactam 6 20 (Scheme 1) that was converted in one step to the seven membered α-methylene lactam 7 by treatment with LHMDS and Eschenmoser's salt followed by in situ methylation and elimination. This one step procedure was adapted from related work by Najera et al. 21 on the synthesis of five membered α-methylene lactams and offers an improvement on the four step conversion of CBz-protected caprolactam 6 to α-methylene lactam 7 reported in a communication by Murai et al. 16 , that proceeds via a silyl ketene acetal intermediate. 
Scheme 1
Diene 8 was selected as the initial 4π component for the Diels-Alder reaction in that it contains two protected hydroxymethyl groups for further elaboration after construction of the spirolactam ring system. Our initial approach to diene 8 (Scheme 2) involved stannylcupration of 2-butyn-1-ol following the protocol developed by Piers, 22 affording (E)-vinylstannane 9 in 62%
yield. Protection of the alcohol as a p-methoxybenzyl ether 10 followed by tin-lithium exchange and reaction of the resultant vinyl-lithium with the Weinreb amide derived from benzyloxyacetyl chloride afforded (E)-enone 11. 
Scheme 2
Difficulties associated with carrying out the stannylcupration on a large scale prompted us to investigate an alternative synthesis of diene 8 (Scheme 3). A better approach involved Wittig reaction of ylide 13 with either aldehyde 14 or 15 to afford enones 11 and 16 respectively, with high (E)-selectivity. Notably Wittig reaction using aldehyde 15 in which the hydroxyl group was protected as a bulky tert-butyldimethylsilylether, preceded with greater (E)-selectivity than the analogous reaction using p-methoxybenzyl protected aldehyde 14. Ylide 13 was readily prepared by reaction of ethyltriphenylphosphonium bromide with butyl-lithium followed by addition of benzyloxyacetyl chloride. Reaction of ylide 13 with aldehyde 14 proceeded in high yield in dichloromethane at room temperature whereas aldehyde 15 required gentle refluxing conditions coordinating hexafluoroantimonate counterion was used, both BOX-copper (II) triflate and hexafluoroantimonate complexes were evaluated in the present study. In the present work use of the hexafluoroantimonate complex resulted in loss of the tert-butyldimethylsilyl group when using diene 12, thus prompting the parallel synthesis of the p-methoxybenzyl protected diene 8. 
Scheme 3
The chiral BOX-copper (II) triflate complexes were formed by reacting [(S),(S)]-tBu-BOX] ligand with copper (II) triflate in dichloromethane at room temperature for 6 h giving a characteristically blue solution. The cationic hexafluoroantimonate complexes were prepared by anion exchange from the pre-formed copper (II) chloride complex using silver (I) hexafluoroantimonate, followed by filtration through Celite to remove the precipitated silver (I) chloride.
Addition of cyclopentadiene to α-methylenelactam 7 in dichloromethane at room temperature for 3 h in the presence of 20 mol% [(S,S)- 3 , albeit in an attempt to prepare racemic Diels-Alder adduct with diene 7, proved equally unrewarding. In summary the work reported herein focuses on the use of bis(oxazoline)-copper (II) complexes as chiral catalysts for the development of an asymmetric addition of 1,3-butadienes to α-methylenelactams. The results obtained indicate that the yields obtained in these reactions are moderate thus redirecting our attention to an alternative strategy to construct the spiroimine unit of the spirolides and gymnodimine. Whilst our efforts in this area have proved disappointing, improved syntheses of α-methylene lactam 7 and dienes 8 and 12 with full experimental details, are reported herein together with full spectroscopic characterization of the spirolactams 17 and 18.
Experimental Section
General Procedures. Melting points were determined using a Kofler hot-stage apparatus and are uncorrected. Optical rotations were determined on a Perkin-Elmer 341 polarimeter. Infrared spectra were recorded with a Perkin-Elmer 1600 series Fourier-transform infrared spectrometer as thin films between sodium chloride plates.
1 H and 13 C NMR spectra were recorded as indicated on either a Bruker AC200 spectrometer operating at 200 MHz for 1 H nuclei and 50
MHz for 13 C nuclei, a Bruker DRX300 spectrometer operating at 300 MHz for 1 H nuclei and 75
MHz for 13 C nuclei, or a Bruker DRX400 spectrometer operating at 400 MHz for 2-buten-1-ol (9) . To a suspension of CuCN (18.7 mmol) in THF (25 mL) was added dropwise n-BuLi (2.16 M in hexane, 18.2 mL, 39.3 mmol) at -78 °C. The solution was stirred for 10 min at 0°C (pale yellow colour) then recooled to -78 °C. Tributyltin hydride (29.17 mmol, 7.85 ml) was added and the solution was stirred for 10 min (yellow gold colour) at -78 °C. A solution of 2-butyn-1-ol (0.534 mL, 7.13 mmol) in THF (5 mL) containing dry MeOH (0.491 mL, 12.12 mmol) was added dropwise to the cuprate reagent at -100 °C forming a red solution. The mixture was stirred for 15 min then allowed to warm to -78 °C and stirred for 3 h. Sat. aqueous NH 4 Cl (30 mL) was added at -78 °C, the mixture stirred vigorously and allowed to warm to room temperature until the aqueous phase developed a deep blue colour. After extraction with diethyl ether (2 x 20 mL), the combined organic layers were washed with brine, dried (MgSO 4 ) and concentrated in vacuo. Purification of the residue by flash chromatography (hexane/ether 5:1) provided the title compound 9 as a pale yellow oil (1.58 g, 62%). Spectroscopic data were in agreement with those reported in literature. 27 
4''-Methoxybenzyl (E)-3-(tributylstannyl)-2-butenyl ether (10).
To a suspension of sodium hydride (60% in mineral oil, 88 mg, 3.66 mmol) in DMF (10 mL) was added (E)-3-(tributylstannyl)-2-buten-1-ol (1.1 g, 3.05 mmol) at 0 °C, and the reaction mixture stirred for 30 min. To this mixture was added p-methoxybenzyl chloride (0.5 mL, 3.66 mmol) and tetrabutylammonium iodide (255 mg, 0.7 mmol) and the resultant mixture stirred for 18 h at room temperature. The mixture was diluted with sat. aqueous NH 4 Cl (30 mL) and extracted with diethyl ether (2 x 20 mL). The organic phase was washed with sat. aqueous NH 4 Cl (30 mL), distilled water (2 x 20 mL), brine (20 mL) and dried (MgSO 4 ). After removal of the solvent under reduced pressure, the residue was purified by column chromatography (hexane/ether 5:1) to furnish the title compound 10 (930 mg, 61%) as a colourless oil. Spectroscopic data were in agreement with those reported in literature. 1-(Benzyloxy)-5-[(4''-methoxybenzyl)oxy]-3-methyl-3-penten-2-one (11) . n-BuLi ( M in hexane, 10.6 mL, 16.96 mmol) was added slowly to a stirred suspension of ethyltriphenylphosphonium bromide (6.3 g, 16.96 mmol) in THF (45 mL) at -78 °C producing an orange solution. The mixture was warmed to 0°C and stirred for 30 min. The ylide solution was then added dropwise via cannula to a solution of benzyloxyacetyl chloride (0.84 mL, 5.41 mmol) in THF (15 mL), which had been cooled to -78 °C. The reaction was maintained at -78 °C for 1 h, allowed to warm to room temperature for 2 h then quenched by the addition of sat. aqueous NH 4 Cl (60 mL). The product was extracted with ethyl acetate (3 x 50 mL) and the organic phase washed with sat. aqueous NaHCO 3 (2 x 50 mL), brine (2 x 50 mL) and dried (Na 2 SO 4 (14) . To a stirred solution of oxalyl chloride (2.8 mL, 31.9 mmol) in CH 2 Cl 2 (60 mL) at -78 °C was added dimethyl sulfoxide (2.8 mL, 39.1 mmol). After 15 min, a solution of (p-methoxybenzyloxy)ethanol (3 g, 16.6 mmol) in CH 2 Cl 2 (20 mL) was added dropwise. The mixture was maintained at -78 °C for 20 min, then Et 3 N (9.2 mL, 66.3 mmol) was added. After stirring for 5 min, the mixture was allowed to warm to room temperature over 1.5 h. Water (40 mL) was added and the resulting mixture washed with 1 M HCl (2 x 50 mL), sat. aqueous NaHCO 3 (20 mL) and brine (20 mL). The combined organic extracts were dried (MgSO 4 ) and concentrated under reduced pressure to afford the desired crude aldehyde. Purification by flash chromatography (hexane/ethyl acetate 5:1) yielded the title compound 14 (1.5 g, 50%) as a yellow oil. Spectroscopic data were in agreement with those reported in literature. tert-Butyldiphenylsilyloxyacetaldehyde (15). To a stirred solution of oxalyl chloride (0.48 mL, 5.6 mmol) in CH 2 Cl 2 (20 mL) at -78 °C was added dimethyl sulfoxide (0.48 mL, 6.8 mmol). After 15 min, a solution of 2-(tert-butyldiphenylsiloxy)ethanol (0.7 g, 2.88 mmol) in CH 2 Cl 2 (10 mL) was then added dropwise. The mixture was maintained at -78 °C for 20 min then Et 3 N (1.6 mL, 11.52 mmol) was added. After stirring for 5 min, the mixture was allowed to warm to room temperature over 1.5 h. Water (40 mL) was added and the resulting mixture washed with 1 M HCl (2 x 50 mL), sat. aqueous NaHCO 3 (20 mL) and brine (20 mL ''-to 6'''-CH); δ C (75 MHz; CDCl 3 ) 26.1 (CH 2 , C-6'), 27.1 (CH 2 , C-5'), 28.6* (CH 2 , C-6'), 29.1* (CH 2 , C-5'), 35.1 (CH 2 , C-4'), 37.6 (CH 2 , C-3), 42.7 (CH 2 , C-4), 44.6 (CH 2 , C-7'), 49.1 (CH 2 , C-7), 50.4 (CH 2 , C-1), 57.1 (quat, C-2,3'), 68.2 (CH 2 , C-1''), 68.5* (CH 2 , C-1''), 127.8 (CH, C-2''' and C-6'''), 127.9* (CH, C-2''' and C-6'''), 128.0 (CH, C-4'''), 128.2* (CH, C-4'''), 128.5 (CH, C-3''' and C-5'''), 128.5* (CH, C-3''' and C-5'''), 133.9 (CH, C-6), 139. (CH 2 , C-4), 28.6 (CH 2 , C-10), 30.5 (CH 2 , C-5), 32.7 (CH 2 , C-12), 40.3 (CH 2 , C-1), 45.1 (CH 2 , C-9), 48.5 (quat, C-6), 67.8 (CH 2 , C-1'), 123.1 (quat, C-2), 124.4 (quat, C-3), 127.6 (CH, C-2'' and C-6''), 128.0 (CH, C-4''), 128.5 (CH, C-3'' and C-5''), 136.1 (quat, C-1''), 154.9 (quat, CO-CBz), 183. 
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